ABSTRACT: Incubation temperature is one of the most studied factors driving phenotypic plasticity in oviparous reptiles and has been shown to affect a wide variety of traits including body size, shape, and performance. Thermal regimes during embryogenesis might therefore have direct consequences on fitness, potentially even shaping population trajectories. These effects are likely strongest in short-lived species where even temporary temperature-induced differences in body size or shape might have adaptive significance. We investigated the effects of incubation temperature on the body size and shape of hatchling Australian Painted Dragons (Ctenophorus pictus). Eggs incubated at low temperature required a longer incubation period, but produced hatchlings of greater body mass. However, no effect of temperature was found on the structural dimensions of hatchlings. These results might be explained by an increased absorption of water by the developing embryo during the prolonged incubation period. A greater water content might increase early-life desiccation tolerance in this short-lived lizard inhabiting arid and semiarid environments. Egg mass, however, had the strongest effect on hatchling phenotype, with larger eggs producing larger hatchlings. Furthermore, there was a seasonal effect on yolk allocation, with eggs laid earlier being larger than those laid later. Our results indicate that yolk allocation is the most important factor affecting hatchling phenotype in this species, while temperature mainly affects embryo developmental rate and likely has an indirect effect on hatchling water content.
ENVIRONMENTALLY induced phenotypic variation (phenotypic plasticity) is common in nature and is proposed to be a property of the genotype (Scheiner 1993 ). The phenomenon is often highly specific to both taxa and developmental stages. Plastic responses to environmental conditions can occur at any stage during an organism's life. Phenotypic plasticity during the egg stage in oviparous reptiles, however, might be of particular importance because embryogenesis and hatching are likely to be under strong selection (Lindström 1999; Shine and Olsson 2003) . The hatchling stage is one of the stages under the strongest selection in the wild, with often greater than 80% mortality (Olsson and Madsen 2001) . One of the most studied environmental factors known to drive phenotypic plasticity at this stage of development is incubation temperature (Deeming 2004 ), because embryos lack or have very limited ability to behaviorally thermoregulate (but see behavioral thermoregulation in turtle embryos; Du et al. 2011; Zhao et al. 2013 ). This changes after emerging from the egg, when the hatchling can exploit ambient thermal heterogeneity to control its body temperature (Stevenson 1985) within relatively narrow ranges (Huey et al. 2012) . Eggs are immobile, however, forcing them to develop at ambient thermal regimes predetermined by the mother's nest-site selection. The site of oviposition might therefore be a way for the mother to indirectly manipulate the offspring's phenotype by exposing the eggs to certain temperatures (Shine and Harlow 1996) .
There is extensive experimental work on how incubation temperature can induce phenotypic variation in the offspring (reviewed in Deeming 2004) . For oviparous reptile species, incubation temperature has been shown to affect the expression of several phenotypic traits in hatchlings, such as body size, body shape, sex, locomotor performance, pigmentation, and antipredator behavior. Recent studies even suggest that incubation temperature can affect brain development and thus also cognitive ability (Amiel and Shine 2012; Amiel et al. 2016 ). All of these phenotypic traits are likely closely linked to the fitness of both hatchling and adult reptiles, and thus subjected to selection. Growing evidence shows that temperature-dependent effects during incubation on hatchling phenotype might be species-specific (Braña and Ji 2000; Shine 2004; Telemeco et al. 2010; Ballen et al. 2015) , making generalizations difficult. A recent meta-analysis examining the effects of incubation temperature in reptiles found that temperature most strongly and widely affected incubation duration, hatching success, and posthatching survival (Noble et al. 2017) . The study also recognized the unpredictability of effects, however, especially in Squamata, which highlights the importance of examining effects on specific species. If the goal is to make evolutionary inferences of natural populations, the choice of experimental incubation temperatures should, if possible, be selected based on criteria such as temperature in natural nests, optimal incubation temperature, or one of these two combined with future predictions of climate change within a reasonable time frame.
Here, we used Australian Painted Dragons (Ctenophorus pictus) to examine the variation in hatchling phenotypes associated with incubation temperature, with the aim of identifying its effects on incubation duration, hatching success, and hatchling size and shape. No previous study has examined effects of incubation temperature on any phenotypic trait in this species except sex (Harlow 2004; Uller et al. 2006) . Based on similar studies in other species, however, incubation duration is expected to decrease with temperature, and hatchling success might either decrease with temperature or be unaffected (Chen and Ji 2002; Lu et al. 2009; Esquerré et al. 2014 ; reviewed in Noble et al. 2017 ). The phenotypic traits examined in this study were chosen because previous work has identified their links to components of fitness (Flatt et al. 2001; Rodríguez-Díaz et al. 2010 Male Painted Dragons are polymorphic with respect to head color, and typically occur in three different head color morphs (red, orange, and yellow). These lizards are shortlived, with only~10% living past their first year, and are highly territorial, especially red males (Olsson et al. 2007) . Adult Painted Dragons used in this study were caught by noose or by hand in Yathong Nature Reserve, New South Wales, Australia (32835 0 S, 145835 0 E; datum GDA94). Lizards were housed in mating pairs in cages (50 cm long 3 40 cm wide 3 35 cm high) with a sand substrate and a 40 W spotlight bulb at one end, and rocks to allow thermoregulation and shelter. The room temperature fluctuated daily from 15 to 258C to simulate natural conditions. Additionally, a small sand dune was added to all cages and was continuously moistened to act as a favorable oviposition site. The subjects were fed with a variation of crickets and meal worms dusted daily with calcium and weekly with multivitamins, and cages were misted daily. Males were housed with the females for the entire duration of the experiment as their presence is required for successful fertilization (Uller and Olsson 2005) . The study took place between September 2016 and February 2017.
Egg Collection and Incubation
Females produced 1-4 clutches (mean 6 1 SE ¼ 1.63 6 0.20, n ¼ 19), with an average 3.67 6 0.27 eggs per clutch (n ¼ 30). Cages were checked daily for recently laid clutches. Laid fertilized eggs (n ¼ 110 from 19 females) were cleaned from sand and moisture, weighed (60.001 g) and placed individually in 125-mL disposable plastic cups half-buried in moist vermiculite (1:5 water:vermiculite by volume) filling a third of the cup. The cups were sealed with plastic cling wrap and a rubber band to prevent moisture loss and placed in one of three incubators set at constant temperatures of 28, 30, and 328C. There are no data on the thermal profiles of the natural nests of C. pictus, and treatment temperatures were chosen based on the previously suggested ideal incubation temperature of 308C (Olsson et al. 2007 ). The three incubation temperatures, however, all fall within the natural thermal range of nests in situ (M. Olsson, personal observation). Here, we applied constant incubation temperatures which might be problematic as it has been argued that natural nests experience diel temperature fluctuations (reviewed in Booth 2006) . Although studies have found that fluctuating temperatures might influence hatchlings differently than constant temperatures, these effects are often limited to incubation duration and locomotor performances, rather than morphological traits (Ashmore and Janzen 2003; Ji et al. 2007; Du and Shine 2010; Li et al. 2011) . The temperature in the incubators was monitored using HOBO H08 data loggers (Onset Computer Corporation, Bourne, MA) throughout the experiment (191 d). We used a splitclutch design in which eggs from a single clutch were allocated equally across the three temperature treatments. The cups were rotated among three shelves in each incubator every 2 wk to minimize the effect of thermal gradients inside the incubator. Additionally, water was added to each cup during this rotation to account for the small, but evident, loss of water through evaporation (~1 g of water per week). Eggs were checked daily for pipping and dead eggs were removed.
Measurement of Hatchling Phenotypes
On the day of hatching, hatchlings were blotted dry and brushed clean of vermiculite and weighed (60.001 g). The sex of hatchlings was determined by hemipenal transillumination in males (Brown 2009 ) after a few weeks, as hemepenes were easier to identify at this stage. Hatchlings that died prior to sexing were frozen; however, some deceased offspring could unfortunately not be sexed on account of the compromised tissue quality and lack of vascularization on which transillumination sexing depends. Importantly, mortality was not sex-specific (see Results) and hence does not explain this pattern. Size measurements were taken using a digital caliper (60.03 mm) of total length, SVL, tail length, abdomen length, head width, head length, and right-side forelimb length and hind limb length (Fig. 1) . The duration of incubation, measured as the number of days to pipping, was recorded for each egg. At the end of the experiment the hatchlings were recruited to the lab population and thus determination of dry mass, tissue composition, and residual yolk, requiring euthanasia, were not possible.
Statistical Analyses All models were fitted in R v3.3.2 (R Core Team 2016) following a linear mixed model and generalized linear mixed model approach using the functions lmer and glmer from the lme4 package (Bates et al. 2015) with female identity as a random effect. Estimates of P values were obtained using parametric likelihood ratio bootstrapping with the PBmodcomp function from the pbkrtest package (Ulrich and Søren 2014) . All bootstrap analyses were based on 10,000 iterations. The effects of incubation temperature and egg mass on hatching success, incubation duration, and phenotypic traits were examined. We also investigated the possibility of sexual dimorphism in the hatchlings and sex effects on incubation duration. The main effects were corrected for the effects of egg mass and temperature, with a P-to-enter set at 0.15 (Bursac et al. 2008) . All data met the requirements of the statistical tests except a deviation from a normal distribution in the abdomen lengths and incubation duration, to which we applied log transformations. The incubation temperature of each egg was calculated as an average of the logger data from each incubation period. No interactions were found among incubation temperature, initial egg mass and sex, and we therefore excluded these variables from the analyses.
RESULTS

Incubation Duration and Hatching Success
The actual temperatures in the incubators used for each temperature treatment were 27.9 6 0.0028C (n ¼ 13,337), 29.9 6 0.0048C (n ¼ 10,055), and 31.8 6 0.0048C (n ¼ 15,453). Incubation duration was affected by incubation temperature (Table 1) , with hatchlings emerging earlier at higher temperatures. The average incubation periods differed by over 2 wk between the 28 and 328C treatments ( Table 2 ). The duration of incubation was also affected by initial egg mass, with larger eggs hatching later. No effect of sex on incubation duration was detected (Table 1) . Overall hatching success was 60% (66 of 110) and was similar among incubation temperatures (v 2 ¼ 1.21, P ¼ 0.28, n ¼ 110) or initial egg mass (v 2 ¼ 0.13, P ¼ 0.74, n ¼ 110). Date of oviposition, however, affected hatchling success (v 2 ¼ 6.42, P ¼ 0.01, n ¼ 110), with higher egg mortality later in the season. There was a rather high egg mortality, but because fertility is labile in this species (Uller and Olsson 2005) , we believe that the majority of unhatched eggs were infertile at the time of oviposition.
Morphology and Initial Egg Mass
Hatchlings incubated at lower temperatures were heavier than those from higher temperatures. One hatchling was excluded from the phenotype measurements because it hatched with a deformity (a gaping wound in its chest), and was euthanized. Eggs having greater mass produced hatchlings with larger body size (Table 2) , including a significant effect on body mass, total length, tail length, head length, head width, and hind limb length (Table 1) . SVL followed a similar, albeit nonsignificant, trend (P ¼ 0.06). Furthermore, eggs laid earlier in the breeding season were larger than those laid later (v 2 ¼ 23.12, P , 0.001, n ¼ 110). The date of oviposition, however, had no effect on any phenotypic trait measured and therefore, was excluded from the morphological analyses. Sex did not affect any of the phenotypic traits measured, except forelimb length (Table  1) . Posthatching mortality also was not sex-specific (v 2 ¼ 0.32, P ¼ 0.60, n ¼ 47).
DISCUSSION
Consistent with studies of other oviparous reptiles (reviewed in Deeming 2004; Deeming and Ferguson 1991) , we have shown that higher incubation temperatures result in shorter incubation durations in Australian Painted Dragons. Variation in incubation duration is most often driven by variation in rate of embryogenesis, as explained by thermal effects on chemical activities, including metabolic rate. Incubation temperature has also been shown to affect hatchling size in many reptiles, with generally larger (in terms of skeletal dimensions), but not always heavier, hatchlings at lower incubation temperature (reviewed in Deeming 2004; Booth 2006) . Our results, however, showed a reversed effect, with lower incubation temperature producing heavier, rather than structurally larger, hatchlings. It is possible that this deviation reflects a species-specific response associated with the particular ecological parameters of the desert-like habitat occupied by C. pictus. The majority of studies on developmental biology in reptiles are focused on reptiles living in habitats with more abundant resources (e.g., reviewed in Booth 2006 ). In the case of C. pictus, selection might favor less-developed hatchings, in terms of structural size, with a larger residual yolk reserve working as a buffer against desiccation during early life in dry environments (Packard 1991 ). Although we did not examine residual yolk mass, residual yolk was released from the cloacae during measurements of hatchlings from the hightemperature treatment. This was not observed in the low-TABLE 1.-Results from parametric bootstrapping of linear mixed models (based on 10,000 iterations), fitted with the lmer function from the lme4 package, to examine the effects of incubation temperature, initial egg mass, and hatchling sex on incubation duration and morphology of hatchlings of Australian Painted Dragons (Ctenophorus pictus). Initial egg mass and temperature were included as covariates when significant at the 0.15 level.
Trait
Main effect of temperature (n ¼ 65)
Main effect of egg mass (n ¼ 65) Main effect of sex (n ¼ 47) temperature hatchlings, which might indicate a higher abundance of residual yolk in high-temperature hatchlings. The limited effect of incubation temperature on the morphology and hatching success in this species indicates a robustness to variation in ambient temperature, and thus possibly against climate change. However, morphology is only one factor that might be influenced by incubation temperature. It would be necessary to examine the effects of incubation temperature on sex ratio, locomotor performance, and posthatch growth, survival, and reproductive success to determine how this lizard species copes with climate change.
The body mass of all hatchlings exceeded the initial egg mass at oviposition, indicating that eggs absorbed water during embryonic development. This pattern has been suggested for eggs of other small lizard species (Tracy 1980; Vleck 1991) and documented in other taxa as well (Ji and Braña 1999; Booth et al. 2000; Ji and Zhang 2001) . The reproductive strategy of producing eggs with lower water content will enhance maternal fitness (1) in habitats where water is a limiting resource for adults, but available for absorption by eggs; (2) in species where bulky eggs could decrease maternal fitness prior to oviposition; and/or (3) by allowing for the production of large clutches without taking up excessive volume in the female body (Tracy 1980) . These features are congruent with the life history of Australian Painted Dragons, which inhabit relatively arid niches and where moisture can be absorbed by eggs from the soil. The species produces clutches of a size that clearly impedes motility, where larger eggs with a higher water content would likely result in a decrement in maternal fitness. The increased mass of hatchlings in this study, compared to the initial egg mass, indicates that water absorbed by the egg is not only used for embryo development, but is incorporated within the hatchling, effectively increasing its body mass (Ji and Braña 1999) . Longer incubation periods allow for more water to be absorbed by the egg (Booth et al. 2000) , which has been shown to increase the water content, and thus the body mass, of hatchlings (Packard et al. 1988; Finkler 1999) . The increased body mass in hatchlings incubated at low temperature might therefore simply be attributable to a greater water content (Ji and Braña 1999) as an effect of longer incubation periods, and thus an indirect effect of incubation temperature. Unfortunately, water content can only be analyzed by assessing dry mass, which was not done in this study because of our interest in recruitment. Nevertheless, when water is scarce, hatchlings with greater water content will be able to survive longer and lose more water before being adversely affected by desiccation (Finkler 1999) . This additional water content might be of major importance for lizard species such as C. pictus that inhabit semiarid environments, with hot summers and unpredictable rainfall.
Regardless of possible temperature effects on hatchling phenotype, the strongest contributor to hatchling morphology remains maternal yolk allocation, which affects the size and shape of hatchlings (Ferguson and Snell 1986; Deeming and Ferguson 1989; Nelson et al. 2004) . The yolk has a fundamental influence on the development from zygote to complete hatchling, determining the quantity of resources available for growth and maintenance during embryogenesis, but any surplus might affect hatchling survival when taking the form of residual yolk and fat reserves (reviewed in Congdon 1989) . We also detected a significant effect of oviposition date on egg mass and hatchling success, with larger eggs and higher embryo survival earlier in the season. Eggs laid earlier in the season are likely of better quality than those laid later because of a greater yolk allocation from the mother. This might be a result of a seasonally declining maternal condition (Olsson and Shine 1997) . Similarly, Warner and Shine (2007) found that the fitness of juvenile Jacky Dragons (Agamidae: Amphibolurus muricatus) depends on seasonal timing of hatching, with early-hatched individuals experiencing greater survival rates and chance of reproducing in their first year. In this context, early clutches provide greater fitness returns, which appear to impart a selection pressure on the mother to reproduce as early as possible in the season, and to allocate more resources toward those early clutches (Warner and Shine 2007) . It is possible that a similar selection pressure could be acting on C. pictus.
